In the recent past, we demonstrated that a great deal is going on in the salivary glands of Drosophila in the interval after they release their glycoprotein-rich secretory glue during pupariation. The early-to-mid prepupal salivary glands undergo extensive endocytosis with widespread vacuolation of the cytoplasm followed by massive apocrine secretion. Here, we describe additional novel properties of these endosomes. The use of vital pH-sensitive probes provided confirmatory evidence that these endosomes have acidic contents and that there are two types of endocytosis seen in the prepupal glands. The salivary glands simultaneously generate mildly acidic, small, basally-derived endosomes and strongly acidic, large and apical endosomes. Staining of the large vacuoles with vital acidic probes is possible only after there is ambipolar fusion of both basal and apical endosomes, since only basallyderived endosomes can bring fluorescent probes into the vesicular system. We obtained multiple lines of evidence that the small basally-derived endosomes are chiefly involved in the uptake of dietary Fe 3+ iron. The fusion of basal endosomes with the larger and strongly acidic apical endosomes appears to facilitate optimal conditions for ferrireductase activity inside the vacuoles to release metabolic Fe 2+ iron. While iron was not detectable directly due to limited staining sensitivity, we found increasing fluorescence of the glutathione-sensitive probe CellTracker Blue CMAC in large vacuoles, which appeared to depend on the amount of iron released by ferrireductase. Moreover, heterologous fluorescently-labeled mammalian iron-bound transferrin is actively taken up, providing direct evidence for active iron uptake by basal endocytosis. In addition, we serendipitously found that small (basal) endosomes were uniquely recognized by PNA lectin, whereas large (apical) vacuoles bound DBA lectin.
| INTRODUC TI ON
In the recent past, we demonstrated that massive dynein-and clathrin-dependent endosomal trafficking in the prepupal (PP) salivary glands (SGs) of Drosophila melanogaster starts shortly after pupariation and lasts for about 5-7 hr of the approximately 16 hr-long postpupariation life span . Large acidic vacuoles arise from the fusion of smaller apically-derived endosomes, which themselves are larger than other basal endosomes. The apicallyderived endosomes are generated in response to the previous huge exocytosis of a mixture of Sgs-glue glycoproteins, which serves as a cement to affix the freshly formed puparium to the substrate. For a long time, this was the only major function ascribed to Drosophila SGs (Fraenkel & Brookes, 1953) and the dynamic process of membrane recycling was ignored. The extremely intense endocytosis has two components. The first component of the fusion process is initiated immediately following pupariation and continues for 3-4 hr until there are between 150 and 200 vacuoles per SG cell, some of which reach 25 μm in diameter . The second component of the fusion process involves smaller basally-derived endosomes that appear to be generated more or less continuously during the larval and PP but in much smaller quantities.
We demonstrated that vacuolation involves the programmed fusion and acidification of the endosomes, and then their later neutralization. Once neutralized, the vacuoles disappear through a process of consolidation with ER membranes. We identified several genes that are involved in the control of this endosomal trafficking; these include shi, Rab5, Rab11, vha55, vha68-2, vha36-1, syx1A, syx4, and Vps35 (Farkaš et al., 2015) . Although Drosophila has been extensively studied as a model system to understand endosomal trafficking in membrane receptor internalization, lysosome maturation, tubular organ growth during embryogenesis, neural development, differentiation of imaginal discs, synaptic transmission, epithelial morphogenesis, dynamin-independent endocytosis and adherens junctions formation (Alone et al., 2005; Broadus & Doe, 1997; Brüser & Bogdan, 2017; Entchev, Schwabedissen, & González-Gaitán, 2000; Hemalatha, Prabhakara, & Mayor, 2016; Jacomin, Fauvarque, & Taillebourg, 2016; Li, Satoh, & Ready, 2007; Murthy, Teodoro, Miller, & Schwarz, 2010; Pelissier, Chauvin, & Lecuit, 2003; Perez-Mockus, Roca, Mazouni, & Schweisguth, 2017; Pinal & Pichaud, 2011; Uytterhoeven, Kuenen, Kasprowicz, Miskiewicz, & Verstreken, 2011; Wu et al., 1999) , this heavy endosomal traffic in PP SGs was unanticipated. However, it offered an unexpected opportunity to analyze the unique features of the entire process more comprehensively due to the PP SG's accessibility and the battery of genetic and cellular tools available for this large secretory organ. The intensity of vacuolation and endosomal traffic suggested that PP SGs are involved in additional physiological processes whose function is not yet well understood. Indeed, we demonstrated that the early prepupal SGs are metabolically active even after glue exocytosis: They display rapid changes in their respiratory activity with peaks about 3-4 hr APF. This indicates the implementation of a developmentally-linked anabolic program (Farkaš & Sláma, 2015) . Based on these data, we have developed a working hypothesis that one key role, among the others that are possible, of the tremendous vacuolation and associated heavy endosomal traffic is to provide a fundamental metabolic need. In a more specific manner, we hypothesize that the intense import of iron via endocytosis, which is followed by strong vacuole acidification, is related to the increase in ferrireductase activity, that is, required to release bivalent cationic Fe 2+ for its metabolic utilization by mitochondria. In this report, we present additional data to support this hypothesis.
To evaluate this hypothesis, it is essential to clarify the functional role(s) of the two morphologically distinct endosomal components in the prepual SGs, the larger apically-derived and the smaller basallyderived vacuoles. In order to investigate their possibly distinct functional roles, and to further test our working hypothesis that these two endosomal compartments play an active role in iron endocytosis and turnover, as well as to extend our knowledge on endosomal trafficking in the Drosophila PP SGs, we undertook a series of experiments to delineate the physiological differences between these two sets of vacuoles. Here, we present the results of experiments in which we probed the vacuoles with a set of vital and nonvital fluorescent probes, iron compounds, chelators, and inhibitors, and used genetic tools to dissect their ability to transport divalent metal cations. We also identified the conditions under which FITC-dUTP is able to bind acidic vacuoles. Active uptake of heterologous fluorescently-labeled mammalian iron-bound transferrin provided direct evidence for active iron uptake by basal endocytosis. Experimental manipulation of dietary iron not only confirmed that basal endocytosis is associated with iron import, but also showed that the SG endosomal system under overload does not respond by forming larger iron-filled vacuoles or by increasing the concentration of iron inside the vacuoles but rather by producing larger numbers of standard-sized small basal endosomes.
| MATERIAL S AND ME THODS

| Fly culture and genetic manipulations
Flies were cultured in 50 ml vials or 200 ml bottles at 23°C on agaryeast-cornmeal-molasses medium (Ashburner & Thompson, 1978; Ransom, 1982) with the addition of methylparaben to inhibit mold growth. Observations were carried out on the third instar larvae and PP of D. melanogaster (Meigen) using the wild type strain Oregon R, originally obtained from the Umea Drosophila Stock Centre, Umea, Sweden, as a standard reference control (Lindsley & Zimm, 1992) , and the following mutant or transgenic stocks obtained from the Drosophila Stock Center, Bloomington, IN, USA unless otherwise indicated: w 1118 ; Mvl m13 /TM3, w 1118 ; P{lacW}Mvl 97f which is an Malvolio allele generated by P-element insertion (Rodrigues, Cheah, Ray, & Chia, 1995) , and y 1 v 1 ; P{TRiP.HMC04003}attP40 (UAS-Mvl
HMC04003
for short), a Mvl RNAi transgenic construct (Ni et al., 2008) . The hsGal4 and arm-Gal4 driver lines were obtained from Drosophila Stock
Center, Bloomington, Indiana, and the Sgs3-Gal4 was a gift from Andy Andres (Las Vegas, University of Nevada, NV, USA).
Timing of larval development was generally performed as previously described by collecting eggs for 1 hr on a standard medium from cultures maintained at 25°C (Farkaš & Mechler, 2000) . When a more precise staging of third instar larvae was required to obtain more exactly timed PP at larger scale, animals were raised on medium supplemented with 0.05% bromophenol blue to aid in the selection of naive larvae-those that have not yet been exposed to the endogenous premetamorphic pulse of ecdysone (Andres & Thummel, 1994; Maroni & Stamey, 1983) . Newly formed white puparia were considered to be 0 hr PP; SGs were dissected from PP hourly after puparium formation (APF) up to 16 hr APF, at which point the tissue becomes completely histolyzed (Baehrecke, 2003; Farkaš & Mechler, 2000; Jiang, Baehrecke, & Thummel, 1997) .
| Inhibitor treatment, injections, and feeding experiments
Unless stated otherwise, fly food supplementation with iron was at a final concentration of 0.5%, and larvae were fed this food (ad libitum) during the last 6-8 hr prior to the start of the wandering stage.
We or uploaded in vitro into cultured PP SGs for 1 hr at 50 μg/ml as described by Hirota et al. (2010) and . SGs were collected in 20 and 120 min intervals and mounted under coverslips in a Ringer-glycerol (1:1) mixture for viewing using fluorescence or laser-scanning confocal microscope.
| Vacuole and membrane detection
For the in vivo detection and measurement of the pH inside of vacuoles, we used the pH-sensitive probe pHrodo Red Avidin pHsensor at 50 μg/ml (Miksa, Komura, Wu, Shah, & Wang, 2009 ) and Carboxy-DCFDA (5-(and 6-) carboxy-2′,7′-dichlorofluorescein diacetate) at 10 μmol/L (Harrison, Chen, Simons, & Levitz, 2002; Vida & Emr, 1995) (Molecular Probes/Invitrogen). These sensors emit fluorescent signal in a wide range of different pH conditions (between pH 6 and pH 3 or even pH 2), with the intensity of emitted fluorescence dependent on the acidity. When a higher pH is detected by the sensor, a brighter fluorescence at 532 nm excitation is emitted.
We followed the protocols that were developed by Andrei-Selmer, Knuppel, Satyanarayana, Heese, and Schu (2001) , Deriy et al. (2009) or Wolfe et al. (2013) . Brown to dark red fluorescence reflects low acidity, which can grow through intense red (medium acidity) and pink fluorescence (higher medium acidity), up to intense yellow or almost white and very bright fluorescence (highly acidic environment). For more details on using and interpreting the signals seen using these dyes, see Dzekunov, Ursos, and Roepe (2000) , Hayward, Saliba, and Kirk (2006) and Kuhn, Rohrbach, and Lanzer (2007) . An evaluation of the cell-free normalized pH-dependent change in the fluorescence of pHrodo Red Avidin and Carboxy-DCFDA was carried out at ambient temperature using a PerkinElmer LS-50B spectrofluorometer and solutions having different pH values. These were prepared starting with Drosophila saline (Ephrussi & Beadle, 1936) supplemented with 10 mmol/L Tris, and their pH was adjusted to the desired value with 0.1 mol/L HCl dropwise under continuous monitoring using a Beckman Φ 50 pH-meter or Hanna HI 223 pH-meter.
Using the dual-excitation accessory, the samples were excited and fluorescence emission was measured at the specified wavelength for each dye. At least three replicate measurements of fluorescence at a particular pH were obtained in each experiment. For practical reasons, the fluorescence intensity can be plotted only in relative units. Absolute values are readily obtained only in isolated systems such as simple a solution measured using a spectrofluorimeter (e.g., see Molecular Probes manual mp35362.pdf). Therefore, we did not plot quantitative data.
CMAC-Arg and CMAC-Ala-Pro, vacuolar lumen aminopeptidase and dipeptidyl peptidase substrates (Molecular Probes/Invitrogen), respectively, were used at 100 μmol/L each as described by Roberts, Raymond, Yamashiro, and Stevens (1991) . The proprietary lipo-
at 10 μmol/L as a vacuolar membrane marker (Cole, Orlovich, & Ashford, 1998; Kon, Nakakura, & Mitsubayashi, 2005; Wiltshire & Collings, 2009) , and the thiol-sensitive dye CellTracker Blue CMAC (7-amino-4-chloromethylcoumarin) was used at 25 μmol/L to assess the presence of glutathione (GSH) (Fricker & Meyer, 2001; Tauskela et al., 2000; Timmerman & Woods, 2001; Zarnowski & Woods, 2005) . These were uploaded for 20 min into dissected and cultured glands according to the manufacturer's (Molecular Probes/ Invitrogen) instructions, and their fluorescence viewed using excitation at 405, 488 or 545 nm, respectively. All probe concentrations are described in terms of the concentration of the fluorophore in the loading solution (Drosophila saline).
Acidic vacuoles in fixed tissue were detected by staining with either acridine orange (AO), 10 μmol/L FITC-12-dUTP or simply FITC-dUTP (Roche Diagnostics, Mannheim, Germany) or DAMP (= 3-(2,4-dinitro-anillino)-3′-amino-N-methyldipropylamine) in combination with an anti-DNP antibody (Oxford Biomedical Research Inc.) as described previously (Farkaš, 2001; . In order to explore the binding of FITC-dUTP to endosomes in more detail, paraformaldehyde-fixed and PT-permeabilized Drosophila SGs were preincubated with FITC (Sigma-Aldrich) or dUTP (Promega 
| Prussian blue staining for iron
Our efforts to detect iron in the SG vacuoles were based on the historically well-established histochemical reaction described by Perls 
| Immunocytochemistry and confocal microscopy
Whenever necessary, salivary glands were dissected under a stereomicroscope in Ringer solution and fixed in PIPES-buffered 4% paraformaldehyde (20 mmol/L PIPES, 60 mmol/L sucrose, 1 mmol/L EGTA, 5 mmol/L MgCl 2 , pH 7.2). In order to stain tissues with antibodies, the tissues were permeabilized with 0.1% Triton X-100 in PBS (PT) and then blocked with PT containing 2% fraction V of bovine serum albumin (Serva) (PBT) and 2% goat serum (Sigma) (PBTS).
After blocking, the tissues were incubated overnight at 4°C with one of the primary antibody or their combination (rabbit and mouse or guinea pig and mouse): rabbit anti-p127, rabbit anti-Rab11, as well as mouse anti-myosin II, mouse anti-β-tubulin, mouse anti-BR-C, mouse anti-EcR, guinea pig anti-Scrib. To detect sites of the primary antibody binding, FITC-conjugated anti-guinea pig, Cy3-conjugated anti-rabbit and Cy5-conjugated anti-mouse affinity purified F(ab') 2 specific pre-absorbed secondary antibodies were used (Jackson portion of SGs oriented in the way that the posterior end directs down whereas the anterior end directs up. Quantification of endosomes per cell and statistics was as described previously .
| RT-PCR analysis of gene expression
To gene start to decline few hours after pupariation. The RT-PCR was performed as described previously (Farkaš & Mechler, 2000; Farkaš et al., 2016 
| RE SULTS
| Activity of vital probes during endocytosis in prepupal SGs
The presence of large acidic vacuoles in the Drosophila SGs was initially detected by using acridine orange (AO) staining after formaldehyde fixation (Farkaš, 2001 ). This was sort of an unusual modus operandi for AO as it is obligatorily used intra vitam or in vivo to detect acidic compartments in living cells (Geisow, D'Arcy Hart, & Young, 1981; Heiple & Taylor, 1982; Ohkuma & Poole, 1978; Segal, Geisow, Garcia, Harper, & Miller, 1981; Stadelmann & Kinzel, 1972) . In the recent past, we documented that these numerous and large AO-positive vacuoles in the PP SGs originate from massive bulk apical endocytosis as the result of an earlier large-scale compound exocytosis . Because this massive apical endocytosis and vacuolation in the Drosophila PP SGs had not been described previously, we decided to obtain more information about the properties of these large and numerous vacuoles. To characterize these endosomes and acidic vacuoles in more detail, we evaluated whether they could be to be suitable and sensitive enough to detect SG endosomes and acidic vacuoles. In spite of the fact that these previously described acidic AO-positive vacuoles are of apical origin, it should be emphasized that a fundamental property of all vital probes, we used also here, is their ability to be uploaded only by endocytosis from basal or basolateral pole of cells (see Supporting Information Figure S1 ).
We therefore undertook a set of observations using these two probes to document the dynamics of changes in the development of (white arrows). Considered as a whole, these observations document that the lumen of apically-derived endosomes is acidic and this acidity increases progressively over time during the early-to-mid PP period. This increase in acidity occurs at the same time there is continued fusion between the basal cargo-transporting endosomes and the apical vacuoles. We infer that these fusion events may contribute to the increase in acidity.
We similarly followed the temporal dynamics of vacuoles labeled with the second pH-sensitive sensor, Carboxy-DCFDA (Harrison et al., 2002; Vida & Emr, 1995) . Immediately after a 10-min loading incubation, it can be detected mostly as a faint-red signal in a few small vacuoles can be observed. Some of these display a faint-red signal (green arrow), while the signal in others has started to shift to a green or a yellow-greenish color (white arrow) demonstrating their progressive acidification. (g) Two hours after Carboxy-DCFDA loading, the count of small basally-derived vacuoles is much lower when compared to pHrodo Red Avidin at the same time. Behind a few dark large vacuoles (white arrows) there are some vacuoles with much brighter fluorescence, with signal ranging from red or pink to almost white (green arrows), demonstrating the significant acceleration of the acidification of the endosome lumen. (h) Four hours after an initial 10 min loading of a Carboxy-DCFDA probe in a 0-hr PP, a pinkish to bright-yellow fluorescent signal is visible in several medium-to large-sized endosomes (black arrows), while apical vacuoles that did not yet fuse with basally-derived vesicles carrying fluorescent cargo remain dark (white arrows).
(i) The redox-active and thiol-sensitive fluorescent probe, CellTracker Blue CMAC, 10 min after the start of loading gives quite weak signal that can be observed only in a few vacuoles with a dark-green color. (j) Thirty minutes after the start of a 10-min loading, CellTracker Blue CMAC signal was found in a few brown to brown-greenish colored vacuoles, some of which were already 5-15 μm in diameter. (k) Two hours after its initial loading, the CellTracker Blue CMAC probe begins to emit a dense (saturated) green color in the majority of the numerous endosomes that are present. Only a few vacuoles remain without any fluorescent signal. (l) Four hours after probe loading, less numerous but larger vacuoles emit an even more dense saturated olive-green light (white arrows), indicating that the environment inside of the endosomal lumen is effectively reduced. (m) The same probe (CellTracker Blue CMAC) in the 7 hr old PP SG, after the disappearance of vacuoles, shows a ubiquitous bright green fluorescence throughout the cytoplasm. (n) Early (0-1 hr APF) and mid (3-5 hr APF) PP SGs loaded either with CMAC-Ala-Pro or CMAC-Arg probes do not show vacuole-specific fluorescence. (o) The proprietary lipophilic styryl dye MDY-64, in 3-4 hr old prepupal SGs, identifies intravacuolar stratified compartments (white arrows) that were previously less well identified by anti-Rab5 or anti-Rab11 antibodies. (p) A detailed view of a similar region in another gland of the same age better highlights these septa (white arrows). Scale bars (a-o) 50 μm; (p) 10 μm
loading (Figure 1g ), the number of small basally-derived vacuoles with Carboxy-DCFDA signal is much lower than that observed for the identical time interval for pHrodo Red Avidin (cf Figure 1c,g ).
However, behind a few dark large vacuoles (white arrows) there are few vacuoles with much brighter fluorescence ranging from red or pink to almost white (green arrows). We interpret this to reflect that there is progressive acidification of the endosome lumen in a manner similar to what we observed using the pHrodo Red Avidin sensor.
Four hours after probe loading (Figure 1h ), the majority of endosomes are represented by large vacuoles, many of which display a very strong yellow to white fluorescence (black arrows). There are present a few dark red vacuoles (white arrows) that do not contain a sufficient amount of the sensor to fluoresce strongly. This observation is consistent with the idea that these endosomes are generated by recent and continuous endocytosis from apical pole.
The two remaining CMAG-amino acid-based probes (CMAC-AlaPro or CMAC-Arg) did not provide reproducible, bright or clear signals when incubated with the PP SGs when they were tested at any time point during the endocytotically active period (Figure 1n ), and so they were not used in further experimentation.
Surprisingly, the redox-active and thiol-sensitive fluorescent probe, CellTracker Blue CMAC, which emits a bright light green signal, was found 2-4 hr after the initial loading to be present only in larger vacuoles displaying dark-green to light-green fluorescence Blue CMAC all over the cytoplasm ( Figure 1m ). We interpret this to mean that at this time, an even more reduced environment than was observed in the earlier vacuoles has become distributed within the uncompartmentalized cytoplasm.
F I G U R E 2 Differential detection of early basal and apical endosomes by two different lectins in paraformaldehyde-fixed SGs. (a) FITCconjugated lectin PNA (Arachis hypogea lectin or peanut agglutinin) binds selectively to smaller early endosomes of basal or basolateral origin in 0-1 hr old PP SGs, which under higher magnification (b) appear as numerous small green dots distributed over the cytoplasm; counterstained for cortical filamentous actin with AlexaFluor 546 -phalloidin (red) and DNA with Hoechst-33258 (blue). (c) TRITC-DBA lectin (Dolichos biflorus agglutinin) in 0-1 hr old PP SGs binds selectively to larger apically-derived early endosomes (red) the size of which is minimally two-to three-fold larger than the basally originating early endosomes; counterstained for cortical filamentous actin with AlexaFluor 488 -phalloidin (green). (d) The mid-to-late endosomes of apical origin (orange to red) maintain their ability to be recognized by TRITC-DBA lectin in PP SGs 3-4 hr APF, when they attain a slightly larger size; counterstained for cortical filamentous actin with AlexaFluor 488 -phalloidin (green). (e) During the 5th hour APF when no more early basally-derived endosomes are formed, TRITC-DBA lectin-labeled vacuoles of apical origin still can be detected (red), whereas FITC-PNA lectin-labeled small endosomes or vacuoles disappear completely (green is absent); counterstained for cortical filamentous actin with AlexaFluor 350 -phalloidin (blue). (f) The same situation can be observed also in 6 hr old prepupal glands as they approach vacuole clearance and membrane consolidation. TRITC-DBA lectinlabeled vacuoles are in red, whereas FITC-PNA lectin-labeled small endosomes, which are absent, would be in green; counterstaining with AlexaFluor 350 -phalloidin in this sample was omitted. Scale bars (a) 50 μm; (b-f) 10 μm
To obtain additional evidence that the production of the large acidic endosomes seen after incubating glands with these dyes reflects the fusion of smaller endosomes or the fusion of smaller and larger endosomes, we stained glands of 0 hr prepupa with the proprietary lipophilic styryl dye MDY-64. This appeared to be a useful vacuole membrane marker and was beneficial for discerning intravacuolarly stratified compartments that were found in larger, irregularly shaped vacuoles 4 hr after initial probe load (Figure 1o,p) .
We interpret these compartmentalized vacuoles with internal membranous septa to be remnants resulting from the fusion of several smaller endosomes or a smaller with a larger endosome, reflecting that there is a continued process of vacuole fusion or myriad intravacuolar compartmentalization.
| Nonvital endosomal probes in prepupal SGs
In addition to detecting large acidic vacuoles in PP SGs of Drosophila using acridine orange (AO), DAMP/anti-DNP, and FITC-conjugated dUTP staining protocols described previously (Farkaš, 2001; , we also used two additional probes found serendipitously. In an independent screen using a panel of lectins for a different purpose, the results of which will be described elsewhere, we unexpectedly discovered that two fluorochrome-conjugated lectins, PNA (Arachis hypogea lectin or peanut agglutinin) and DBA (Dolichos biflorus agglutinin), bind to early vacuoles in the PP SGs.
We found that FITC-PNA lectin, which has specificity against galactosyl-(β-1,3)-N-acetylgalactosamine, exclusively binds only small endosomes (Figure 2a,b) , whereas TRITC-DBA lectin, which has specificity against α-linked N-acetylgalactosamine, preferentially binds larger endosomes (Figure 2c,d) . We observed that in the mid-to-late prepupal stages when no more small endosomes/vacu- In agreement with the observations described in (b), upon feeding larvae on 0.1% FeSO 4 (NH 4 ) 2 SO 4 × 6 H 2 O increased the numbers of small basal endosomes (green). These were conveniently detected also in formaldehyde fixed preparations using FITC-PNA lectin; counterstained for cortical filamentous actin with AlexaFluor 546 -phalloidin (red). (e + f) The results of an experiment where the source of alimentary iron was abrogated. To remove even standard levels of dietary iron, fly food was supplemented with the specific ion chelators deferoxamine or rhodotorulic acid, and larvae were allowed to feed on it ad libitum during the second half of the third instar. Then, early PP SGs (0-1 hr APF) were fixed and processed for confocal microscopy using lectins. Both chelators, deferoxamine (e) and rhodotorulic acid (f), drastically reduce the number of small basallyderived endosomes detectable by FITC-PNA lectin (green); counterstained for cortical filamentous actin with AlexaFluor 350 -phalloidin (blue). It is interesting that neither of the chelators, deferoxamine (g) or rhodotorulic acid (h), had any effect on the formation of apicallyderived larger endosomes recognized by TRITC-DBA lectin (red); counterstained for cortical filamentous actin with AlexaFluor 350 -phalloidin (blue). Moreover, administration of these iron chelators very efficiently prevents development of a reduced environment in the large PP vacuoles (yellow arrows) that are normally recognized by the CellTracker Blue CMAC probe, and turns their lumen green: deferoxamine (i) and rhodotorulic acid (j), if compared to untreated controls (see Figure 1l) O, appeared to be the most effective and least toxic (data not shown). (l) Quantitation of the effects of iron chelators on the formation of small basal FITC-PNA lectinpositive endosomes (left half of the graph) and on larger apically-derived TRITC-DBA lectin-positive endosomes (right half of the graph) in the early PP SGs: 1 control, 2 deferoxamine, 3 deferiprone, 4 rhodotorulic acid. Iron chelators were mixed with normal standard food to remove dietary iron and third instar larvae were allowed to feed for 8-10 hr. Then, SGs were dissected from 1 hr old PP, and processed for endosome detection with FITC-PNA and TRITC-DBA lectins, viewed using fluorescence microscopy, and numbers of vesicles counted. All three chelators drastically reduce the numbers of small basal FITC-PNA lectin-positive endosomes when compared to controls. At the same time, the chelators did not affect the numbers of the larger apically-derived TRITC-DBA lectin-positive endosomes. Scale bars (a and b) 50 μm; (c and d) 5 μm; (e-f) 15 μm; (g-j) 10 μm (Supporting Information Figure S2 ) indicating that both glycomoieties, which were specific for basally-as well as apically-derived endosomes at earlier stages, are no longer present on vesicles. From the diminished signal, we infer that they were either degraded or have become distributed among other intracellular organelles, such as the ER system.
| Dietary-iron supplementation and chelatory (inhibitory) manipulation of vacuolar system
We used the above-described methods to characterize additional properties of the numerous bulky endosomes seen in the Drosophila PP SGs. In particular, we were interested in testing the hypothesis that the extensive endosomal processing and vacuole acidification In contrast to these results when specific iron chelators (deferoxamine, deferiprone, or rhodotorulic acid) were added to the food of late third instar feeding larvae, the number of small basally-derived endosomes was drastically decreased to nearly undetectable levels (Figure 3e,f) . Strikingly, however, the number and size of large apically-derived vacuoles were unchanged (Figure 3g ,h) from that seen in controls (Figure 3a,c) . Indeed, in mid-prepupal stage, animals treated as larvae with deferoxamine or rhodotorulic acid, larger
vacuoles continued to fuse and grow in size. However, in the presence of the thiol-sensitive CellTracker Blue CMAC probe they never displayed the green fluorescence typically seen in a reducing environment as described above (Figure 3i,j) .
| Active import of iron-bound transferrin and the role of Malvolio gene
The observations described above are consistent with the multi-part hypothesis that one of the key functions of the basally-derived en- human AF 488 -transferrin into early prepupae, as described in the Materials and Methods, and detected its re-distribution using fluorescence microscopy. As shown in Figure 4a , within the first 20 min the majority of AF 488 -positive signal was found in numerous small vesicles distributed more or less evenly throughout the SG cell cytoplasm. During the next 2 hr, this fluorescent signal was found in larger vesicles (vacuoles) (Figure 4b ). We interpret this finding to mean that the larger vesicles have had enough time postinjection to fuse with apically-derived endosomes and become larger and brighter. This documents the ability of SGs to selectively uptake a heterologous and evolutionary distant iron-carrying transferring into endosomes.
Iron transport is a highly controlled and active process and in
Drosophila is mediated via specific transmembrane divalent metal ion transporters (DMT) produced by the gene Malvolio (Mvl). To gather support for the latter parts of our hypothesis that the heavy endosomal traffic of the PP SG serves to provide iron, we tested whether the intravacuolar iron release and transport to the cytosol are altered by mutations that affect Mvl function. To this end, we used both the homozygous viable Mvl 97f loss-of-function allele of Malvolio generated by P-element insertion (Rodrigues et al., 1995) , and the y Figure 4g ). This indicates that under a ubiquitous Gal4 driver (i.e., ubiquitous knockdown of Mvl) there was very low or no activity of endosomal ferrireductase enzyme due to the lack of systemic Fe 3+ iron. It is interesting that the weakest phenotype using RNAi was observed in an experiment using the strong and tissue-specific driver Sgs3-Gal4, where numerous vacuoles showed a dark-green fluorescent signal (cf. Figure 4j, compare to the control shown in Figure 4i ). This indicates that under nonsystemic conditions SGs may receive a sufficient amount of nutritional Fe 3+ iron but that their endosomes are unable to handle properly the export of the reduced Fe 2+ form into the cytoplasm for anabolic demands. When animals of these genotypes were allowed to develop further (up to the stage of vacuole clearance and their consolidation with the cytosolic membrane system at the time that corresponds to approximately 7 hr APF), and then loaded with the CellTracker Blue CMAC probe, they showed significantly lowered green fluorescence in the entire cytosol (cf. Figure 4l ,n) compared to controls (Figure 4k ,l) or to wild-type animals (cf. Figure 1f ).
| Probing of FITC-12-dUTP binding to acidic endosomes
Our previous, serendipitous discovery that FITC-dUTP can selectively detect acidic vacuoles in the PP SGs of Drosophila (Figure 6a) has remained an intriguing finding without a clear explanation . To understand why FITC-dUTP is able to bind to these acidic endosomes we set out to investigate the binding 
| D ISCUSS I ON
A key finding from our experiments using vital pH-sensitive probes is that immediately following the 10-min loading of either of the pHsensitive dyes and even 20 min thereafter, one can observe only a very limited number of small fluorescent endosomes and these are preferentially located closer to the basal or basolateral surface of these cells. That is, both of the successfully used vital probes share the property that they can be uploaded by endocytosis only from the basal or basolateral surface of SG cells. Therefore, in addition to our previously described AO-positive vacuoles that clearly have an apical origin, we infer that the PP SGs contain also a population of basally-derived endosomes. Therefore, we infer that the PP SGs must be actively engaged in bipolar ambivalent endocytosis. One might expect that number of basal endosomes would be higher than what we have observed using these vital, pH-sensitive probes. We propose that not all of the basal endosomes are visible using these fluorescence-based techniques, but instead are more reliably detected using FITC-PNA lectin. We suggest that some of the basal endosomes remain practically invisible when stained with acidic probes during their very early stages of development because they
are not yet sufficiently acidic. We interpret the immediate but relatively modest acidity seen in the early small endosomes to indicate that basally or basolaterally-derived endosomes do not on their own generate enough protons to acidify their lumenal milieu sufficiently to cause the bright fluorescence seen at later time points with pHsensitive probes. Indeed, the bright fluorescent signal that serves as evidence of strong acidification can be observed only in larger endosomes. We propose that, over a period of several hours, the Our experiments also revealed that the small basal and the larger apical endosomes are different from each another in more ways than just their size, acidity, and origins. We found that PNA lectin binds specifically to the small endosomes that we suggest F I G U R E 5 Assessment of the effectiveness of RNAi knockdown at 2 hr APF in SGs using RT-PCR. The upper row shows the profiling of Mvl transcripts whose function was silenced by RNAi, whereas the lower row shows the profiling of rp49 transcripts, a "loading control". The loading order is: 1. wild type Oregon R (control); 2. Mvl 97f homozygote; 3. UAS-Mvl HMC04003 ; 4. hs-Gal4; 5. arm-Gal4;
6. Sgs3-Gal4; 7. hs-Gal4 × UAS-Mvl HMC04003 treated with three consecutive heat shocks, the last at white puparium stage; 8. arm-
are basally-derived while DBA lectin binds to the larger endosomes that we suggest are apically-derived. The presentation of galactosyl-(β-1,3)-N-acetylgalactosamine epitopes exclusively on the small, presumably basally-derived endosomes while α-linked N-acetylgalactosamine epitopes are found on larger, presumably apically-derived endosomes would then reflect not only the difference in the poles from where they originate, but is also likely to reflect their functional specificity and the potentially complementary roles they can play in vesicular trafficking and cell metabolism. Indeed, these observations corroborate those of Gruenberg and Stenmark (2004) and van der Goot and Gruenberg (2006) who found that late endosomes not only have a significantly more acidic lumenal pH than early endosomes, but also a different protein composition. This is achieved by the maturation process in which early endosomes acidify and lose a subset of their resident proteins, while simultaneously attaining new ones. Curiously, a similar pattern of endosomal labeling was observed also in the filamentous wood-decaying fungi, Schizophyllum commune (Inselman, Gathman, & Lilly, 1999) , where the majority of Carboxy-DCFDA fluorescent signal accumulated preferentially in larger more acid- And, what functional role do these processes have during development? The SGs of Drosophila provide an amenable system to address these questions. In addition to detection of acidic endosomes by AO or DAMP staining , which requires formaldehydefixed tissue, the use of vital fluorescent probes (Carboxy-DCFDA and pHrodo Red Avidin) offers the possibility to directly monitoring the dynamics of endosomal traffic continuously in cultured glands.
Given the unique genetic tools available in Drosophila, this system
provides an excellent opportunity to analyze and dissect how these two endosomal pathways can converge and otherwise interact during developmental processes. He et al. (2008) found a substantial pH difference between apical (pH 6.0-6.5) and basolateral (pH 7.4) endosomes in mammalian intestinal epithelial cells. There, the pH difference is required to facilitate the efficient unidirectional transport of immunoglobulins and other proteins. In the Drosophila SGs, we propose this concomitant duplex or bipolar endocytosis followed by ambipolar endosome fusion also plays a key role in unidirectional transport. Here, we have presented evidence that it serves a pivotal role in the metabolic reallocation of iron. Our data support previously suggested hypothesis that one of the pivotal reasons for intense endocytosis and vacuole
The basis for the binding of FITC-12-dUTP to acidic vacuoles. Paraformaldehyde-fixed and PT-permeabilized Drosophila prepupal SGs (4 hr APF) were treated as indicated, and then processed for vacuole detection by the staining procedure described previously . (a) 
acidification is to release iron from transferrin . In other animal model systems, dimerized transferrin is internalized by basal or basolateral endocytosis and the release of iron requires an acidic pH between 5.4 and 5.6, a pH that is selectively produced in the lumen of late endosomes (large vacuoles) via proton pumping vacuolar ATPases (El Hage Chahine, Hémadi, & Ha-Duong, 2012; Steere, Byrne, Chasteen, & Mason, 2012 (Steere et al., 2012) . Iron is known to be utilized by many proteins, mostly enzymes, which are chiefly involved in anabolic pathways including amino acid biosynthesis, energy production (oxidative metabolism) and lipogenesis (Beaumont & Delaby, 2009; Harvey & Ferrier, 2010; Moran, Horton, Scrimgeour, Perry, & Rawn, 2011; Voet & Voet, 1995) .
We invested considerable effort to evaluate various modifications of methods that have been used to detect iron inside endosomes using microscopical techniques, as we could not identify any publications that described similar observations. There are two reasons why we were unable to detect the presence of iron inside vacuoles using the Perls-Turnbull Prussian blue method. First, this method has very low sensitivity. As stated in the literature, Perls' method works well for micromolar to millimolar concentrations of iron, which are found in several mammalian tissues including brain, liver and bone (Moreira et al., 2008; Quincke, 1896; Perls, 1867; Smith et al., 1997; Tirmann & Schmelzer, 1968) . However, it is unable to detect the nanomolar and subnanomolar concentrations of iron which are present inside vacuolar/endosomal lumens. Indeed, this is in agreement with the lack of any literature describing the detection of endosomal iron using this method. Second, the high iron turnover in endosomes (Haldar et al., 2015; Ohgami et al., 2005; Sendamarai, Ohgami, Fleming, & Lawrence, 2008; Wu, Hamid, Shin, & Chiang, 2014) contributes to the inability of insensitivity of this method. Iron is released to the cytoplasm in minute intervals following transferrin delivery and reduction by ferrireductase, where it is subsequently delivered to the mitochondria for anabolic processes (Cheng, Zak, Aisen, Harrison, & Walz, 2004; Dunkov & Georgieva, 2006; Yoshiga et al., 1999) . This leads to the steady-state iron concentration in the endosomal lumen being maintained at a relatively low level, especially during the period when early and mid-endosomes are intensely involved in iron reduction and release. In addition, these endosomes are themselves recycled quickly or become integrated within the ER and TGN via retromer activity (Burd & Cullen, 2014; Seaman, Gautreau, & Billadeau, 2013) . By contrast, finding increased and potentially Perls's-detectable iron in endosomes would indicate their commitment toward a lysosomal fate or an already completed fusion with lysosomes (Mukherjee, Ghosh, & Maxfield, 1997; Tabuchi, Yoshimori, Yamaguchi, Yoshida, & Kishi, 2000) , and this has not been While we were unable to detect iron directly using Prussian blue, we found that the redox-active and thiol-sensitive fluorescent probe, CellTracker Blue CMAC, which is known to measure reduced glutathione (GSH), shows a progressive increase in level inside the large mature vacuoles. This indicates that these large vacuoles/endosomes accumulate increased amounts of GSH (Fricker & Meyer, 2001; Tauskela et al., 2000; Timmerman & Woods, 1999) . Indeed, the increased accumulation of GSH in vacuoles can be prevented by pretreating the incubation medium or feeding third instar larvae with deferoxamine, deferiprone, or rhodotorulic acid, three different iron chelators. This suggests that the activity of glutathione-dependent ferrireductase can be responsible for the positive fluorescence signal of CellTracker Blue CMAC in the vacuoles. This type of ferric reductase has been found in a variety of organisms where its activity depends also on the availability of Fe 3+ ions (Cox, 1980; Poch & Johnson, 1993; Timmerman & Woods, 2001; Zaharieva and Abadía, 2003; Zarnowski & Woods, 2005; Zarnowski, Cooper, Brunold, Calaycay, & Woods, 2008) .
There are four additional closely related observations that provide strong supportive evidence for the involvement of the irontransferrin system in the endocytosis of the Drosophila PP SGs.
First, feeding larvae on iron salts dramatically increased the number of small basal endosomes detectable with Red Avidin or Carboxy-DCFDA. Second, the same experiment caused a tremendous and substantial increase in FITC-PNA lectin-detectable endosomes.
This confirmed the identity between vesicles positive for vital pHsensitive probes and those seen in formaldehyde-fixed tissues which were positive for FITC-PNA lectin. Third, feeding Drosophila on noniron metal salts had no detectable effect on vacuole formation in PP SGs, indicating that the endosomal system being analyzed in the PP SGs is preferably iron-dependent. Thus, it is similar to known ironimporting endosomal systems in other model organisms, including vertebrate cells, plants, and yeast (Dada et al., 2009; Knutson, 2007; McKie, 2005; Scheiber & Goldenberg, 1993) . Fourth, the dietary supplemented iron-chelating agents, deferoxamine, deferiprone and rhodotorulic acid, efficiently prevent the formation of small FITC-PNA lectin-positive basal endosomes. Further intriguing support for this conclusion comes from the observations that when animals under these conditions are overloaded with nutritional iron, the salivary gland endosomal system does not respond by producing larger iron-filled vacuoles or by increasing the concentration of iron inside the vacuoles to levels detectable by Prussian blue staining, but rather by producing higher numbers of "standard" small basal endosomes, most probably with the same iron concentration as in controls. This indicates that the iron-importing endosomal machinery is set to operate at saturated levels: In the presence of increased iron cargo, it can respond only by upregulating the number of transporting organelles, and thereby increase the density or frequency of traffic.
Our current effort is oriented toward identifying iron in vacuoles directly by testing novel, more sensitive and specific coumarin-based hexadentate fluorescent probes such as (7-diethy
carboxamide known as CP691 (Luo et al., 2004; Ma & Hider, 2009 (Cabantchik, Glickstein, Milgram, & Breuer, 1996) has been applied to Drosophila cells for genome-wide RNAi screening (Panda et al., 2013) , its affinity to Fe 2+ apparently is lower than that to Co
, Mg 2+ or Zn 2+ (Breuer, Epsztejn, Millgram, & Cabantchik, 1995; Epsztejn, Kakhlon, Glickstein, Breuer, & Cabantchik, 1997; Veiga et al., 2009 ) and in our hands has not been able to be used reliably for detecting intravesicular iron in the PP SGs. Nevertheless, the active import of heterologous fluorescently (AF 488 ) labeled iron-bound transferrin, which was apparently taken up by active fluid-phase endocytosis (Buktenica, Olenick, Salgia, & Frankfater, 1987; Hermo & de Melo, 1987; Hermo & Dworkin, 1988; Plant, Manolson, Grinstein, & Demaurex, 1999) Although the expression of the Mvl protein was not previously detected in the SGs (Folwell, Barton, & Shepherd, 2006) , data from the modENCODE and the FlyAtlas tissue expression projects (Chintapalli, Wang, & Dow, 2007; Graveley et al., 2011; Robinson, Herzyk, Dow, & Leader, 2013) document that Mvl RNA is highly expressed in the late larval and PP SGs. The phenotype we describe demonstrates its unambiguous role in iron transport and metabolism in this tissue. It must be critical for the normal development and physiology of the SGs as its expression, as assessed by in situ hybridization, is apparent and prominent from embryonic stages 14/15 onward (Frise, Hammonds, & Celniker, 2010; Tomancak et al., 2002; Weiszmann, Hammonds, & Celniker, 2009 It is tempting to speculate that at least the galactosyl-(β-1,3)-N-acetylgalactosamine epitope recognized by PNA lectin may be associated with transferrin as it imports iron from the hemolymph circulation. Using in silico prediction of potential N-and Oglycosylation patterns (Blom, Gammeltoft, & Brunak, 1999; Chen, Tang, Sheng, & Zhang, 2008; Chauhan, Rao, & Raghava, 2013; Hansen et al., 1995; Hansen et al., 1998; Julenius, Mølgaard, Gupta, & Brunak, 2005; Steentoft et al., 2013) on Drosophila transferrins, we identified the presence of at least four Nglycosylation sites capable of hosting this type of glycomoiety (data not shown). It appears much more difficult to predict which protein(s) with α-linked N-acetylgalactosamine are specifically recognized in apical endosomes by DBA lectin. However, both of these probes, when immobilized on an agarose-type resin, can be used as tools to isolate and identify the molecules responsible for this difference in apically and basally-derived endosomes.
In addition to differences in proteins, we fully expect there are other molecular determinants that are unique to either group of endosomes. For example, there may be differences associated with endosomal membrane lipid composition and lipid asymmetry, such as those currently being recognized as being important for the proper function of endosomal pathways (Bissig, Johnson, & Gruenberg, 2012; Falguières, Luyet, & Gruenberg, 2009; Hullin-Matsuda, Taguchi, Greimel, & Kobayashi, 2014; Schmick & Bastiaens, 2014) .
In this light, our observation on the intravacuolar stratification detected by the vital proprietary lipophilic styryl dye MDY-64 is noteworthy. The irregular and often lobated shape of vacuoles where we observed this stratification suggests that it represents a shortlived and temporary compartmentalization that arises from continuous and multiple vacuole fusion, rather than a longer-term functional compartmentalization. Indeed, in our previous report , we detected Rab5 and Rab11 proteins using GFP-fusion constructs and antibodies to be present on these intravacuolar septa.
This favors our fusion hypothesis and indicates that this dye allows for the exceptionally good visualization of the fusion event. On the other hand, one cannot rule out also the possibility that these numerous stratified septa represent the highly elaborated system of internal membranes of late endosomes that are generated during their programmed maturation. This has been observed in mammalian cells (Ang et al., 2004; Bonifacino & Traub, 2003; Falguières et al., 2009; Rodriguez-Boulan, Musch, & Le Bivic, 2004 ) and may be a necessary prerequisite for the subsequent vacuole disappearance via the membrane consolidation process we suggested previously . The ease in which MDY-64 can be loaded and detected, along with its endurance and affinity to intravacuolar compartments (Cole et al., 1998; Kon et al., 2005; Vida & Emr, 1995; Wiltshire & Collings, 2009 ), provides an excellent opportunity to examine the dynamics of endosomal trafficking and vacuole interaction in the living cells of Drosophila SGs, and will be an important tool to address the different mechanistic aspects of this process along with genetic tools.
One of the most bewildering observations in the PP SGs of Drosophila that we described previously is the highly reproducible, strong binding of FITC-dUTP to acidic vacuoles . Free FITC is unable to bind acidic vacuoles, and dUTP alone is unable to block binding of the FITC-dUTP complex. This indicates that the affinity of FITC-dUTP to acidic vacuoles is high as well as a unique property of the conjugate. Commercially available FITC-dUTP conjugates contain a 12-carbon spacer arm between the fluorescein moiety and the pyrimidine ring of dUTP.
From the distribution of charges over its structure, one theoretical possibility is that a charge-transfer complex forms with tryptophane, cysteine or arginine in proteins rich in these charged or aromatic amino acids, notably under an intrinsic acidic milieu. A similar type of noncovalent H-bonding interaction has been reported for the nonspecific binding of FITC-conjugated antibodies to crystalloid granule arginine-rich proteins in human eosinophils (Ackerman, Kephart, Habermann, Greipp, & Gleich, 1983; Gleich, Adolphson, & Leiferman, 1993; Stokke, Solberg, DeAngelis, & Stehen, 1998) . We also cannot rule out the possibility that FITCdUTP may exist in different prototropic forms and one of them Although more research along these lines will be necessary, this hypothesis currently provides a plausible partial explanation for the serendipitous and high-affinity binding of the FITC-dUTP complex to acidic vacuoles in the Drosophila PP SGs. 
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